ABSTRACT An enzyme histochemical study of the sinoatrial node, the coronary sinus, and the atrial muscle extending into the anterior mitral valve was performed on human hearts. Investigation of the activity and localization of the structurally bound enzymes was performed by conventional histochemical techniques. Determination of the activity of nonstructurally or weakly structurally bound enzymes was performed by histochemical techniques in which leakage of enzymes during the incubation period was reduced by the application of semipermeable membranes. The sinoatrial node is characterized by a high degree of anaerobic enzyme capacity and a relatively low degree of aerobic enzyme capacity. The discriminatory nature of these reactions allows examination of the structure of the sinoatrial node and its approaches. The presence of transitional cells was confirmed; isolated clusters of nodal cells were found in the atrial myocardium around the sinoatrial node, but no evidence of specialized tissue forming the beginning of an internodal pathway was found by this technique. The specific histochemical reactions that characterize the sinoatrial node also occur in the atrial muscle, extending into the anterior mitral valve, the anterior wall of the coronary sinus, and the atrial tissue near the orifice of the coronary sinus. These observations seem to corroborate the hypothesis that arrhythmic ectopic foci can arise in these regions. Circulation 72, No. 1, 205-213, 1985. A THOROUGH knowledge of the structure and physiology of the automatic and conductive cells involved in generating and propagating electrical impulses in the heart is fundamental to the understanding of the origins of cardiac rhythm disorders. Enzyme histochemical study of these cells supplies both anatomic and physiologic information. However, with conventional techniques nonstructurally bound, partially structurally bound, or weakly structurally bound enzymes diffuse out of sections during the histochemical incubation period. With the development of histochemical semi- 
A THOROUGH knowledge of the structure and physiology of the automatic and conductive cells involved in generating and propagating electrical impulses in the heart is fundamental to the understanding of the origins of cardiac rhythm disorders. Enzyme histochemical study of these cells supplies both anatomic and physiologic information. However, with conventional techniques nonstructurally bound, partially structurally bound, or weakly structurally bound enzymes diffuse out of sections during the histochemical incubation period. With the development of histochemical semipermeable membrane techniques,' studies that could not be performed by conventional histochemical techniques are now possible. In these techniques a semipermeable membrane is interposed between the incubating solution and the tissue section. Because only molecules with a molecular weight of 20,000 can pen-etrate the membrane,2 diffusion of enzymes out of the sections is prevented, whereas substrate molecules and other components necessary for the staining reaction diffuse through the membrane. Membrane techniques are therefore indeed suitable for metabolic studies because they prevent the leakage of the enzymes by the membranes. 2 Conventional or semipermeable membrane techniques have already been used to study the Purkinje system, 3'4 and to a lesser degree the atrioventricular node and the bundle of His.8"'4 Thusfar however, the sinus node has only been studied by conventional enzyme histochemical methods's-2, 15 , 16 and therefore data on the histochemical features of the human sinoatrial node are still incomplete.
It has already been shown that mitral valve muscle"7, 18 and the coronary sinus region'9 are capable of giving rise to automatic electrical activity and that they have electrophysiologic characteristics that closely resemble pacemaker cells: a weak resting potential, a low action potential amplitude, and spontaneous diastolic depolarization. The purpose of this study was to examine the human sinoatrial node, as well as the coronary sinus and the mitral valve muscle, which have electrophysiologic characteristics strongly resembling pacemaker cells, with recently developed histochemical semipermeable membrane techniques.
Material and methods
Material. Hearts from six subjects were used in the study (four men, two women; mean age 32 years, range 21 to 42). None of the subjects had known heart disease. The human hearts were all removed within the first hour after death. Pathologically the hearts were normal.
In all cases two specimens were studied. The first tissue sample was taken from the superior one-third of the right atrium and contained the superior vena cava up to the point of pericardial reflection, the crest of atrial appendage, and the upper third of the right atrium. A posterior vertical incision was then made, opening the cone-shaped structure and allowing us to roll it out flat. The second sample consisted of a rectangular portion of myocardium, the boundaries of which were the orifice of the coronary sinus in back, the posterior half of the membranous septum in front, the inferior border of the fossa ovalis on top, and the insertion of the mitral and tricuspid valves on the bottom. This fragment contained part of the septal tricuspid valve on the right, and on the left the anterior mitral valve and a fragment of the posterior mitral valve.
The tissue samples were rapidly frozen in isopentane cooled to -1500 C with liquid nitrogen (the total time between death and freezing never exceeded 75 min) and stored in a freezer at -700 C before sections were cut at 10 gm in a cryostat adjusted to -300 C. The right atrial tissue was sliced vertically (parallel to the axis of the superior vena cava), and the second sample was sliced perpendicular to the mitral and tricuspid valve rings. Localization of the section of interest of each specimen was done by rapid staining with methyl green pyronin dye. After this region was identified, sections were cut off for histochemical study and were occasionally stained with standard hematoxylin and eosin dye for permanent reference. Whenever it seemed necessary to examine a specific structure more closely, serial slices were cut and examined after staining.
Enzyme histochemistry. To 
Results
Enzyme activity. Table 1 shows the intensity of the staining reactions of the enzymes present in the different structures studied. The intensity of the reactions observed in the atrioventricular node and the bundle of His are listed to allow comparison of the metabolic activities of automatic and conductive cardiac tissue with that of working myocardial tissue.
The sinoatrial node. Anaerobic enzyme (lactate dehydrogenase and glucose-6-phosphate isomerase) activity was found to be greater in the sinoatrial node than in working myocardial tissue. Moreover, the levels of activity of both oxidative enzymes of the pentose phosphate pathway were higher. On the other hand, the activity levels of malate:NADP+ oxidoreductase and of the aerobic enzymes succinate dehydrogenase, isocitrate:NADP+ oxidoreductase, cytochrome C oxidase, and NADH diaphorase were lower than inside working myocardial tissue. Tests for activity of choline esterase were strongly positive in nerves and ganglion cells; the sinoatrial node cells showed circumferential choline esterase activity, tests of atrial cells were only weakly positive, and those in ventricular myocardial cells were negative (figure 1).
Mitral valve muscle. In comparison with working myocardial fibers, the activity of isocitrate:NADP+ oxidoreductase, succinate dehydrogenase, NADH diaphorase, and cytochrome C oxidase was low in myocardial fibers of the proximal region of the anterior mitral cusp as well as in atrial myocardium surrounding the mitral annular fibrosis. The opposite was true for glucose-6-phosphate isomerase, 6-phosphoglucon- 206 CIRCULATION Grading system for enzymatic activity: A measurement of the optical density was made for each section. The density gradations ranged from 0 for a nonstained preparation to 9 for the darkest preparation (see text). AV = atrioventricular.
ate dehydrogenase, and especially choline esterase activity (figure 2). Coronary sinus. The same pattern of activity was observed in the wall of the coronary sinus, especially in its left anterior wall, in and around the Thebesian valve, and in the atrial fibers around the anterior-inferior part of the orifice of coronary sinus near the insertion of the tricuspid valve. Conversely, malate: NADP+ oxidoreductase and lactate dehydrogenase activity was the same in these specialized regions as it was in working myocardial tissue (figure 3).
Enzyme distribution. Histochemical reactions observed for the anaerobic and especially aerobic (mitochondrial) enzymes showed architectural differences in the muscle fibers within the various structures studied. Cross sections of working atrial cells showed a wheel-spoke pattern of dye deposits outlining the myofibrils. Small dye deposits could be seen peripherally on the internal surface of the sarcolemma. In the central part of the sinoatrial node, the pattern was quite different: there were very few dye deposits (two to three per cell cross section) with poorly defined boundaries, and they were separated by wide, seemingly open spaces. Moving toward the outside of the sinoatrial node, the cells became progressively larger, the dye deposits became more numerous, and the cells acquired some of the morphologic characteristics of working myocardial cells. There seemed to be a continuous gradation from nodal cells to working cells with all types of intermediary forms between the two (figure 4). To our knowledge, the semipermeable membrane technique has not yet been used to study the enzymatic properties of the sinoatrial node, the coronary sinus, and the heart valve muscles in man.
The semipermeable membrane techniques are more precise than the conventional enzyme assay methods for the study of nonstructurally bound enzymes. These techniques also provide a good indication of low-grade enzyme activity. It has been demonstrated that the levels of enzyme activity detected by semipermeable membrane techniques are very close to the levels obtained with biochemical assays. 29 figure) . The wall of the coronary sinus and the Thebesian valve (TV) react strongly to choline eterase, whereas the atrial myocardium reacts weakly. The existence of internodal conduction pathways has long been a subject of controversy. Anatomic arguments in favor of their existence have been put forward by some authors,41 44 while some argue against their 210 existence.33 37, 8, 45 Histochemical studies using conventional techniques have been performed. In the ferret Truex46 has described the existence of tracts that differ from the rest of the myocardium with respect to their choline esterase content. On the other hand, Anderson,13' 33 using various species, has been unable to demonstrate the existence of any internodal tracts by use of conventional histochemical techniques, including those in which choline esterase histochemical reactions are observed. To our knowledge no study has been done with semipermeable membranes. Using electrophysiologic techniques of mapping, micro electrode studies,49 or altered ionic milieu,50 some authors have put forward arguments in favor of the existence of conducting tracts within the atrial tissues, but their results have not been confirmed by others. 37 5, 52 (For reviews see Sherf and James," Janse and Anderson, 45 Chuaqui.53) In our study no histochemical differences were found between the perisinus region and working myocardial tissue. We studied only the superior third of the right atrium, including the upper part of the crista terminalis and the approaches of the atrioventricular node. In these regions, we found only working myocardium, which contained no continuous tracts with histochemical characteristics that might correspond to the beginning of internodal pathways. If such tracts exist they possess no histochemical characteristics enabling them to be differentiated from surrounding atrial tissue at the periphery of the sinoatrial node. We did find several small clusters of cells near the sinoatrial node that had the same characteristics as central node cells, but they were not organized in a proper pathway. They were not found at a distance from the sinoatrial node on serial slices. The role of these cells is not yet clear, but this zone of cellular nonhomogeneity may be responsible for the phenomenon of sinus echo.54
The atrial myocardial fibers along the mitral valve (figure 2) and those just above the insertions of this valve have histoenzymatic characteristics similar to those of the sinoatrial node ( reaction was observed. There was a zone of atrial muscle around the exterior orifice in which sinus node-like histochemical reactions were observed. This zone seems to correspond to the zone of atrial tissues outside the orifice, where Wit and Cranefield'9 found that an automatic activity could be unveiled by the presence of noradrenaline.
A specialized type of extranodal tissue adjacent to the atrioventricular junction was described by Truex et al.55 and Gossrau.'1' 12 Paes de Carvalho56 found electrophysiologically specialized tissue in the annexes of rabbit heart valves. Working with rats, rabbits, guinea pigs, and human embryos, Anderson33'34 found specialized tissue around the atrial margins of the entire circumference of the atrioventricular valves. This seems to be the remainder of the atrioventricular ring of the primitive heart tube that is squeezed into the atrial myocardium and extends down the base of the valves. Anderson34 found that in rats, this specialized tissue is made up of small cells that have a strong positive reaction to choline esterase, and which, under the electron microscope, have a clear cytoplasm and peripheral myofibrils. It is possible that the histochemical characteristics that we noted in the atrial tissue around the mitral valve and in the mitral valve itself were the expression of this specialized tissue.
As early as 1907, Erlanger and Blackmann (cited by Wit and Cranefield '9) reported that the coronary sinus region of rabbits possessed a "high degree of rhythmicity." The destruction of the sinus node may result in atrial rhythm originating from the coronary sinus region.57 Based on this, the hypothesis that arrhythmias originate in this region has often been put forth, but never proven. Likewise, the hypothesis that left atrial ectopic foci are responsible for certain arrhythmias has been suggested, and is still under discussion.58 59 It could be that the stretching of the mitral valve muscle in mitral valve prolapse provokes the firing of an ectopic focus.'
In conclusion, the fact that both zones with known electrophysiologic features similar to those of the sinoatrial node also demonstrated the same histoenzymatic profile, which was different from that of the atrial myocardium, suggests that electrophysiologic and histoenzymatical properties may be linked, although no single study has yet correlated these two properties.
